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Abstract

This paper presents an application of electrodeposited ceria “CeO,” and “Ce0,-CaO” nanocomposite oxides thin films to
electrochemical degradation of phenol known as organic pollutant. The experimental techniques used were the
chronopotentiometry, the chemical oxygen demand and the UV-Visible spectroscopy. A comparative study of
electrocatalytic effectiveness of as-electrodeposited thin films and the Boron doped diamond electrodes was made. The
effect of using different supporting electrolytes “NaCl, KCIl, Na,CO; H,SO, and Na,SO,” during the galvanostatic
electrolysis of phenol was investigated. It was observed that the chemical oxygen demand (COD) was only achieved at
appreciable rate of degradation when NaCl was used as the supporting electrolyte. The achieved mineralization percentage
of phenol was about 33%, 58%, and 72% on pure ceria «SS/CeO,», on nanocomposite ceria «SS/Ce0,-CaO» and on Boron
doped diamond electrodes respectively. Compared with SS/CeO,, the SS/CeQ,-CaO anode has shown more performance
and rapidity in the COD removal in the same electrolysis device.
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1. Introduction

Phenol is present in wastewater from the manufacture of phenolic resins, synthetic chemical plants, plastics, and
some pesticides. Following its toxicity and difficulty to degrade, the presence of phenol becomes a considerable
problem to environment and human health [1]. Various advanced oxidation processes, including photochemical
reactions, supercritical water oxidation, and Fenton oxidation have been made to degrade and destroy this
aromatic organic [2,3]. Electrochemical degradation is another alternative that has attracted considerable research
attention [4-6]. It is able to treat aqueous charged organic matter solutions [7-10]. This method has attracted
considerable research attention mainly on toxic organics which can be effectively oxidized to biodegradable
products [4,11,12]. Electrochemical oxidation has the advantage of being able to react on the pollutants,
especially by direct anodic oxidation. Moreover, the catalyst/electrode is immobilized (thus reducing the need to
separate the catalyst from the reaction mixture), the variables (current and potential) are easily controlled and the
cost of the equipment is generally not expensive [13]. This electrooxidation is based on the generation of a
hydroxyl radical HO" being adsorbed on the surface of the electrode by oxidation of water on an electrode with
great oxygen over pressure [14]. Indeed, the effectiveness of electrochemical oxidation treatment depends on the
nature of the anodes that are used in the process [15-17]. Hence, the degradation pathway of aromatic organics on
different anodes remains a subject for investigation.

Therefore, the aim of this work is then to study the electrochemical process for the degradation of phenol in
aqueous solutions using different anodes. The process was studied under galvanostatic polarization mode in
acidic media using BDD, SS/Ce0O, and SS/Ce0,-Ca0 as anodes. The degradation rate of the studied organic
pollutant, the efficiency and the limits of such a technique were investigated according to experimental
parameters such as the supporting electrolyte nature and the initial concentration of electrolyte.

2. Materials and methods

2.1. Materials

2.1.1 Chemicals

In this work, all solutions were freshly prepared in the laboratory and contain phenol with a concentration of 200 mg.L™.
Double distilled water was used. NaCl, KCI, Na,SO,, Na,COs, and H,SO, were employed as conductive electrolytes.
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2.1.2 BDD, SS/Ce0, and SS/Ce0,-CaO electrodes

The Boron-doped diamond « BDD » is a new electrode. Recently, it has received great attention [18, 19]. The wide potential
window and the high anodic stability of the BDD promote its applications in the electrochemical oxidation of organics [20,
21]. The BDD electrode was provided by CSEM Company. It was synthesized by the chemical vapor deposition technique
(HF-CVD) [22]. For CeO, and CeO,-CaO thin films preparation, a Stainless steel (SS) plate was used as support or
substrate. The films were galvanostatically electrodeposited using a cathodic electrodeposition process. The detail of
preparation method of SS/CeO, and SS/Ce0,-Ca0 anodes can be found in Refs [23].

2.1.3  Bulk electrolysis

The cyclic voltammetry (CV) spectra and the electrochemical measurements were performed using a computer controlled by
Potentiostat/Galvanostat PGP 201 Radiometer Copenhagen Voltalab.TM associated to "Volta-Master 4" software. A
conventional three electrodes cell (100 cm®) thermoregulated glass cell was used. The anode was a square plate of BDD
electrode with an effective surface area of 2 cm? or a disk plate of « SS/CaO-CeO, or SS/CeO, electrodes » with an
effective surface area of 0.2 cm? whereas the cathode was a platinum electrode. The distance between the anode and the
cathode was set at 1.5 cm. A saturated calomel electrode (SCE) was used as a reference. Thereafter, a comparative study was
executed using these anodes. The cell was connected to a water bath in order to control and keep the temperature constant at
30°C. It was set on a magnetic stirrer for continuous mixing. The operating current density during degradation of phenol was
30mAcm . The degradation took 240 to 300 minutes.

2.2 Methods

2.2.1 COD Analysis

The chemical oxygen demand “COD” measurement permitted the evaluation of the kinetic of organic matter rottenness.
LOVIBOND Checkit COD VARIO device was used for all measures of COD. This test is useful for the characterization of
all raw waters and the waters treated by physicochemical ways [24]. The samples were taken during electrolysis with various
time intervals. The rate of mineralization was expressed as a percentage of COD. This rate was given for various reaction
times by this relation:

%COD= [(COD; - CODy)/ COD;]-100
With:
e COD;: value of COD (mg/L of O,) at initial moment
e COD;: value of COD (mg/L of O,) at t moment

2.2.2 UV-Vis Measurements
The UV absorbency spectrogram at wavelength range 190-1100 nm was recorded using a TU1800-UV-vis spectrometer.
The concentration of phenol was 200 mg/L with 2% NaOH. An UV detector was used with a wavelength setting at 270 nm.

3. Results and discussion

3.1. Effect of the supporting electrolyte

Prior each electrolysis, cyclic voltammetry investigations were performed in order to characterize the electrolyte
used. Cyclic voltammetry is a useful technique for probing the processes that occur at the electrode/solution
interface [25]. The current variation that results when the electrode potential is varied can provide valuable
insight into the reactions that occur at the electrode surface. Figure 1 represents the voltammetric profiles of the
different supporting electrolytes in a 2% NaCl, 2% KCI, 2% H,SO,4, 2% Na,SO,4, and 2% Na,COs; solution with
the presence of 200 mgL™ of phenol.

In 2% NacCl, it can be observed that phenol promotes a significant increase in charge or current associated with
the oxygen evolution reaction on the BDD electrode. The KCI response remains still close to NaCl response.
However, the other supporting electrolyte response presents a considerable decrease in charge when phenol is
added. Indeed, the NaCl were the most effective conductive electrolyte for the electrocatalytic degradation of
the investigated phenol. These results would indicate that, the NaCl electrolyte becomes the dominant active
substance [26-29], its presence is essential, and the phenol can decreased rapidly.

3.2Effect of NaCl concentration

The investigation of NaCl concentration effect has been performed. Figure 2 shown the effect of the supporting
electrolyte concentration on the degradation of phenol solution, carried out at 30 mA/cm?® As shown in this
Figure, the utilization of supporting electrolyte has the ability to reduce considerably the chemical oxygen
demand (COD). The electrochemical degradation of the organic substrate is achieved at reasonable rate only in
the presence of 2% NaCl concentration.
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Figure 1. Voltammetric profiles of the BDD electrode in different supporting electrolytes of phenol
200 mg.L™. Auxiliary electrode: platinum; reference electrode: SCE; scan rate: 50 mVs .
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Figure 2. Effect of NaCl concentration on the % COD (200 mg.L™* phenol solution, 30 mA.cm 2, Working
electrode: BDD; Auxiliary electrode: platinum; reference electrode: SCE, T = 30°C).

The achieved % COD values were 72%, 57 %, and 49% respectively for 2%, 3% and 1% NaCl. The mechanism
of electrochemical mineralization can be direct; in this case there is an oxidation of phenol on the electrode using
some mediators like HO" radicals [30,31]. These radicals result from water molecule discharge as follow [27,32-
34]:

HO — HO + H + ¢ (1)
The oxidation rate of the reaction is calculated from the slope value of the plot of Ln[COD(0)/COD(t)] versus
time (Figure.3). Indeed, the anodic oxidation kinetics of organic matter by the electrogenerated hydroxyl radicals
HO" is assumed to be a first-order kinetics and the hydroxyl radicals concentration is constant during electrolysis.
According to the results in Figure 3, the straight lines obtained in these plots were in agreement with a pseudo
first-order % COD removal, the COD values decreased almost exponentially. Increasing the supporting
electrolyte concentration increases and facilitates the diffusion flux of organic matter towards the anode surface.
However, when the supporting electrolyte exceeds a certain value of concentration (in this case over 2% NaCl),
the % COD removal follows always pseudo first-order kinetics but a greater decrease of % COD is found. The
apparent rate constant change with the supporting electrolyte concentration is given in Table 1. Several authors
[35-39] also explained such a behaviour.
Hence, the using of NaCl electrolyte needs to be carefully optimized, considering the degradation efficiency, cost
and relevant emission standards. It was more suitable for this study. Therefore, in the presence of a less
concentration of chloride ions (2% NaCl) allows inhibiting the water discharge into oxygen, and promotes
hydroxyl, chloride, and oxycloride radical’s formation.
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Figure 3. Linear regression for % COD removal with time during the electrochemical oxidation of phenol on the
BDD anode for different supporting electrolyte concentrations at T = 30 C.

Table 1: Apparent rate constants of phenol removal fitted using a first order model
for different NaCl concentrations

NaCl Concentration k (x10° min™h) R?
1% 1.61 0.986
2% 2.66 0.993
3% 1.01 0.975

3.3Effect of current density

The influence of the current density on the COD removal during the electrooxidation of phenol is shown in
Figure 4. As expected, the COD abatement is faster as the current density is higher. Optimum current density is
30mAcm?, at which the maximum removal of phenol is observed.The results are a logical consequence of the
major quantity of charge passing in solution. Hence, the application of the highest current density can be
suggested in order to obtain the complete abatement of the organic content in the smallest time. Patently, the
efficiency of the oxygen evolution reaction is larger at higher current densities.
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Figure 4. Influence of the applied current density on the % COD (200 mg.L™* phenol solution, working
electrode: BDD; Auxiliary electrode: platinum; reference electrode: SCE, T = 30°C).

After 240 min time of electrolysis, the COD percent removal increased from 33% to 73% when the current
density increased from 10 to 30 mA.cm > This behavior indicates that in these experimental conditions, the
oxidation of phenol is completely under mass transport control and an increase of the applied current favors only
the secondary reaction of oxygen evolution:

2H20 — 02 + 4-H+ + 4e_ (2)
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3.4 Influence of anode composition on degradation rate of phenol

The first part of this work had allowed us to determine some optimal parameters. Now we focus on the
electrocatalytic effectiveness comparison between BDD, SS/CeO, and SS/CeO,-CaO anodes. The goal is to
classify the anodes according to the best electrocatalytic efficiency respect to the electrochemical degradation of
phenol.

3.4.1 Galvanostatic study

Figure 5 shows the evolution of potential with time during the electrodeposition process. Globally, there is a
continuous decrease in potential with time, nevertheless different distinct steps are observed. At the early
beginning application of current density, the potential increases drastically (0 to 2940 mV). Over the first 500 s,
the current decreases, and reaches a plateau value of about 2853 mV. The potential decrease continues again
towards the steady value of 2840 mV after 1200 s. For all three kinds of anode used, the shape of the curve was
the same, only the oxidation potential was changed.
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Fig. 5. Evolution of the potential with time during the electrochemical degradation of phenol on the SS/CeO,-Ca0 anode

3.3.2 Variation of pH study

The pH of the solution was measured during the electrochemical degradation. It varies during the electrolysis
process « Figure 6 » irrespective of the nature of the working electrode. On BDD anode, the pH values dropped
first from the initial value of 5.7 with no sign of oxidation, after 90 min of degradation, the pH remained at
around 4.4, while the phenol was being electrochemically oxidized. After some minutes, it began to increase and
it approached to 7. On SS/Ce0O,-Ca0O and SS/CeO; anodes, the pH remained at around 5.4 and 5.5, respectively.
On SS/Ce0,-Ca0 anode; and after 60 minutes of degradation, the pH became more acid, this phenomenon was
not observed for the degradation process on other electrodes. On SS/CeQ,, it decreases to a value of 4.3, and it
increases slowly during the degradation. Indeed, on the three kinds of anode, the intermediates of degradation are
different.

7 BDD
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6{ —— SS/CeO,

pH

T T T T T
o 30 60 90 120 150 180 210 240
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Figure 6. pH variation during electrochemical degradation of phenol on SS/Ce0,-Ca0, SS/CeO, and BDD anodes.
3.3.3 Variation of the coloration during electrolysis
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The phenol solutions exhibited color changes during the electrolysis process (Figure 7). Table 2 shows all color
changes recorded. During electrolysis « on the BDD anode », the liquid turned to dark yellow in the first 20
minutes of phenol oxidation. The yellow color began to fade when the phenol concentration was reduced. Finally
the color had almost disappeared after about 180 minutes (Table 2).

Table 2. Variation of the coloration during the degradation of phenol on the three kinds of anode.

Time Coloration Formulate Coloration Formulate Coloration Formulate
(min) variation /on Probable variation /on Probable variation Probable
BDD metabolite SS/CeO, metabolite SS/Ce0,-Ca0O metabolite
0 colorless Ce¢HsOH colorless CeHsOH colorless C¢HsOH
20 Dark yellow Phenate Yellow phenate Clear brown Phenate
40 Clear brown | Benzoquinone | Dark yellow Catechol Brown Hydroquinone
60 clear yellow Aliphatic yellow Benzoquinone+ yellow Benzoquinone
compound Catechol
180 colorless Water Clear yellow | Aliphatic acids colorless Aliphatic acids
240 colorless Water Very Clear | Aliphatic acids colorless Water
yellow + water

Figure 7. Color variation during the electrochemical degradation of phenol on SS/CeO,-CaO anode

In previous works, the mechanism of electrocatalytic oxidation, in which phenol is degraded by the hydroxyl
radical, has already been confirmed by many researchers [32,35,40-43]. On the SS/Ce0O,-CaO anode, the
solution became brown and turned to yellow. Generally, the yellow color is caused by Benzoquinone, which is
produced during the phenol degradation. In degradation process, the phenol oxidizes to hydroquinone then into
Benzoquinone. The concentration of these products in solution increased within the first 40 min and then
rapidly decreases. The Benzoquinone and hydroquinone are almost disappeared after 120 min, due to the attack
of free radicals on these compounds and resulting in ring opening reaction to form aliphatic organic acids.
When phenol is degraded to aliphatic carboxylic acids the wastewater will become more biodegradable and less
toxic. According to the variation of pH of the solution (Figure 6), it can be seen that, the concentration of
aliphatic organic acids increases during the first 160 min and then begins to decrease rapidly. This decrease
could be due to mineralization of formed organic acids to CO, and H,O, allowing the increase of pH after 200
min of degradation. A comparison of reaction products formed by phenol oxidation on the all three kinds of
anodes used in this study showed that the reaction products are different depending on the type of anode used.
However, all reactions probably occur following the same mechanism, i.e. hydroxyl radical attack the phenol,
which becomes phenate ion oxidized to hydroquinone then into Benzoquinone, or Catechol. Subsequent
oxidation of these products, after opening of the aromatic ring, leads to the formation of aliphatic carboxylic
acids, mineralized finally to CO, and H,O when the anode is more efficient.

3.3.4 COD removal and UV-Visible absorbency measurement

Periodic analysis of % COD removal was carried out during electrolysis to determine the kinetics of
degradation of phenol on the three above mentioned electrodes. Figure 8 shows the evolution of % COD
according to the time of electrolysis and the nature of working electrode. On BDD, it became an important
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percentage of degradation in the first time of electrolysis. However, this % COD remained relatively weak for
the first 30 min on SS/Ce0,-Ca0 and SS/CeO, electrodes. At the end of electrolysis that occurs at 240 min, the
% COD took the values of 33%, 58% and 71% respectively for the degradation of phenol on SS/CeO,,
SS/Ce0,-Ca0, and BDD electrodes.
Figure 8 is UV-Visible absorbency spectrograms in the wavelength range 190-1100 nm carried out during
electrolysis. The peaks of phenol at 270 nm decrease with prolonging electrolysis time, and the new peaks of
metabolite (after 60 min of electrolysis) grow in the initial period, and then come down. This result was in
agreement with % COD removal measurement.
The change of %COD exhibits an exponential behavior indicating a first order reaction kinetics for the
electrooxidation reaction. Hence, the apparent observed pseudo first-order rate constant K, can be determined
by plotting the Ln(COD,/COD;) against time for different used anodes . The results are presented in Table 3.
The concentration of OH’ can be approximated in a steady state. The integrated oxidation rate expression can be
written as follows:

Ln(COD/CODy) = Kyt

—=— BDD
—e— SS/CeO,

—a&— 55/Ce0,-Cal

80 4

COD%

' T T T T
0 100 200 300
Time(min)

Figure 8. Electrochemical degradation of phenol onto SS/CeQ,-Ca0, SS/Ce0, and BDD anodes: % COD evolution

Table 3. Variation of the values of the rate constant and the %COD depending on the used anode

Anode k (x10* min™) COD removal (%)
BDD 33.31 72
SS/CeO, 12.6 33
SS/Ce0,-Ca0 27.01 58

From this result, the SS/CeO,-CaO anode has shown more performance and rapidity in the COD removal in the
same electrolysis device.

Figure 9 shows the UV-Visible absorbency spectrograms carried out during galvanostatic electrolysis in
aqueous solution using SS/CeO,-Ca0O anode. It can be observed that the absorption spectrum of phenol is
characterized by a band in the UV region with its maxima located at 270 nm. The absorption of the maxima
270 nm” decreases with the time and almost disappears after about 60 min of degradation, accompanied by the
appearance of a new band located at 310 nm referring to the apparition of Benzoquinone. The movement and
appearance of this new band indicates the apparition of metabolite (after 60 min of electrolysis) witch grow in
the initial period, and then come down. This result was in agreement with % COD removal measurement.
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Figure 9. UV spectra of the phenol during the electrochemical degradation at some electrolysis time.

Conclusion

The electrochemical degradation of phenol has been investigated using three kinds of anodes such as

SS/Ce0,-Ca0, SS/Ce0, and BDD electrodes. The experimental results showed that:

o The best results were obtained when electrolyses were carried out at high densities, 30 mAcm™, and in
the presence of supporting electrolyte NaCl (2%), but decreases for higher values of supporting

electrolyte, due to the improvement of this reaction.

o The extraordinary high activity of hydroxyl radicals from the water discharge and the removal of COD

were well described by pseudo first-order kinetics.

e The best obtained conditions fo[ COD removal on the BDD anode to degrade phenol solutions involve
operating at 30 mAcm * and 30 "C. This arrangement allows to completely degrading the organic matter

in just 240 min.

e For comparison, the degradation of phenol on SS/Ce0,-CaO anode provided an oxidation rate and %
COD removal higher than on SS/CeO, anode in the same operating conditions. This preliminary study
suggests that anodic oxidation with CeO,-CaO nanocomposite oxides electrode constitutes a viable

method for the treatment effluents contaminated with phenol.
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